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In multichannel cochlear implants, low frequency information is delivered to apical cochlear
locations while high frequency information is delivered to more basal locations, mimicking the
normal acoustic tonotopic organization of the auditory nerves. In clinical practice, little attention has
been paid to the distribution of acoustic input across the electrodes of an individual patient that
might vary in terms of spacing and absolute tonotopic location. In normal-hearing listengtsnBas

and ShannortJ. Acoust. Soc. Am113 2003 simulated implant signal processing conditions in
which the frequency range assigned to the array was systematically made wider or narrower than the
simulated stimulation range in the cochlea, resulting in frequency-place compression or expansion,
respectively. In general, the best speech recognition was obtained when the input acoustic
information was delivered to the matching tonotopic place in the cochlea with least frequency-place
distortion. The present study measured phoneme and sentence recognition scores with similar
frequency-place manipulations in six Med-El Combi+4@mplant subjects. Stimulation locations

were estimated using the Greenwood mapping function based on the estimated electrode insertion
depth. Results from frequency-place compression and expansion with implants were similar to
simulation results, especially for postlingually deafened subjects, despite the uncertainty in the
actual stimulation sites of the auditory nerves. The present study shows that frequency-place
mapping is an important factor in implant performance and an individual implant patient's map
could be optimized with functional tests using frequency-place manipulation®0@} Acoustical
Society of America.[DOI: 10.1121/1.1804627

PACS numbers: 43.71.Es, 43.71.Pc, 43.66PEA] Pages: 3130-3140

I. INTRODUCTION mm for Nucleus 22 and Nucleus 24, and 26.4 mm for
Med-El Combi 40r. Greenwood’s frequency-place function
Cochlear implant¢Cl) partially restore hearing to deaf (1990 describes the characteristic frequency along the organ
people by electrical stimulation of the auditory nerves. Theof Corti as a function of cochlear place. Assuming an aver-
electrodes are organized in an array to deliver the spectralge length of 35 mm for human cochlea, an array of 16 mm
information roughly consistent with the tonotopic organiza-would stimulate a cochlear region that corresponds to an
tion of the cochlea, with lower frequency information deliv- acoustic frequency range of 1-12 kHz for a 20-mm-insertion
ered in the apical region and higher frequency informationdepth, and an acoustic frequency range of 500—6000 Hz for
delivered in the basal region. However, little attention hasa 25-mm-insertion depth. Similarly, a 26-mm-long array in-
been paid during the standard fitting process to the spacingerted to a depth of 30 mm would cover a tonotopic range of
or absolute tonotopic location of the electrodes. 185-11 800 Hz. While the electrode array position may vary
The implant processor controls how the spectral contenfrom patient to patient, many of the present cochlear implant
of the acoustic input is assigned onto the electrodes. Despil@inical fitting programs offer only a limited choice for the
the uncertainty in the current spread and the stimulation lopyerall spectral range of analysis filters as well as partition-
cation in nerves, the tonotopic range of stimulation in theing| of individual bandwidths; common ranges are 350—6800
cochlea is primarily determined by the active length of they tor Clarion 11, 150 Hz—10 kHZSPEAK strategy Table)9
electrode array and its insertion depth. When the array g5y Nucleus 22 and from 200-300 to 5500—8000 Hz for
fully inserted, the most apical cqntact is usually 20-30 MMy1e4-E| Combi 40-. As a result, the acoustic frequency
from the round window depending on electrode type. Th§ange assigned to the stimulation region in the cochlea can
active stimulation range of the electrode array is typicallype wider or narrower than the acoustic characteristic fre-
13.5 or 16.5 mm in length for Clarion | and Clarion I, 16.5 quency range of that region, resulting in compression or ex-
pansion of the frequency-to-place mapping, respectively. Of-
dElectronic mail: dbaskent@hei.org ten there is also a tonotopic shift due to the discrepancy
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between the actual electrode location and the acoustic inforap optimized from the beginning might make the overall
mation assigned. In some cases such a shift might be thedaptation faster and the final asymptotic performance
result of an electrode that is not fully inserted, while in otherhigher.

cases the shift may be due to the assignment of the default In cochlear implants there are several factors that affect
signal processing parameters. the frequency-place mapping, but cannot be estimated with

Bagkent and Shannoi2003 measured the effects of certainty. These factors include physical quantities such as
compression and expansion in frequency-place mapping otine exact insertion depth of the electrode array, the proximity
speech recognition by normal-hearifiyH) subjects. Im-  of the electrodes to the spiral ganglia where the actual stimu-
plant electrode arrays with different insertion depths and diflation occurs, and the actual length of the cochlea, physi-
ferent number of electrodes were simulated using a noiseslogical factors such as nerve survival pattern and the tem-
band vocodefe.g., Shannoet al, 1995. In the vocoder the poral and spatial pattern of stimulation in the auditory
cochlear tonotopic range of stimulation was represented byerves, and anatomical factors such as possible structural
noise carrier bands while the input acoustic frequency rangabnormalities of the cochlea. It may be possible to obtain
was determined by the frequency range of the analysis bandsiore detailed information about the position of the im-
The stimulation range was held constant by employing thelanted electrodes using sophisticated images from radio-
same noise carrier bands for each condition while the analygraphs(Marshet al,, 1993; Coheret al,, 1996 or CT scans
sis frequency range was made widepmpressed mapor  (Kettenet al,, 1998; Skinneeet al., 2003. However, even if
narrower (expanded maprelative to the carrier frequency the relative insertion depth can be determined in individual
range. Speech recognition was generally better when thienplant patients the medial-lateral location of the electrode
analysis range matched the carrier range than for anin the scala tympani might still not be accurately determined.
frequency-place expansion and compression condition, evedoreover, because many factors affecting the current flow
when the matched condition eliminated a considerableannot be imaged, it would still not be possible to know the
amount of acoustic information. This result suggests thaabsolute location and characteristic frequency of the neurons
speech recognition, at least without training, is dependent oactivated by each electrode. Because of these uncertainties,
the mapping of acoustic frequency information onto the apthe best assessment of electrode location and frequency-
propriate cochlear place. Fu and Shanri@899 found a place matching might be accomplished functionally rather
similar result with frequency-place shift. Vowel recognition than by imaging.
by NH subjects was significantly reduced if the frequency  In the present study we used the nominal value for in-
information was presented to a simulated cochlear locatiosertion depth as reported by Med-El for fully inserted elec-
more than 3 mm from its normal tonotopic location. Theytrode arrays. All participating subjects had full insertions. In
also observed a similar drop in performance with implantreality, however, there is probably a large variation in the
users when the input frequency range was shifted prior t@actual electrode locations across subjects due to individual
implant processing. Whitfordet al. (1993 attempted to differences in cochlear length, medial lateral electrode loca-
modify the processor maps of implant users by matching théon, and nerve survival. One purpose of the study was to
acoustic input range to the characteristic frequency of theassess whether an optimum map could be obtained despite
stimulation range and observed some improvement in théhe unknown factors by starting with a map based on esti-
open-set sentence recognition scores in low levels of noisemated values and fine-tuning it with behavioral tests.

A theoretical issue addressed by the present study is the In Experiment 1, we used the fact that implant users are
flexibility of perceptual pattern recognition for altered speechsensitive to spectral shifts in frequency-place méps and
tonotopic patterns. When NH subjects were tested wittShannon, 1999 find an estimate for the electrode insertion
frequency-place maps different than the normal acoustidepth behaviorally. The array location producing the best
map, such as shifteFu and Shannon, 199ompressed, or performancg12—24 mm, with electrodes 43%as used in
expanded mapé&Bagkent and Shannon, 2003there was a Experiments 2 and 3.
reduction in phoneme and sentence recognition performance. A typical value used in applying the Greenwood map-
Prior to the experiments NH subjects had experience wittping function for the average cochlear length of human is 35
only the normal acoustic frequency-place map, which is permm. However, measurements by Ulehloeaal. (1987
ceptually “burned in” over a lifetime of hearing. In contrast, showed a range from 28 to 40 mm, with an average length of
Cl users had experience with two frequency-place maps: thg4.2 mm for 28 men. When Kettegt al. (1998 estimated
normal acoustic magfrom the previous history of normal cochlear lengths of implant subjects from CT scans, they
acoustic hearing and the frequency-place map of the im- found an average length of 33 mm for 20 subjegtnge
plant processor, which is likely to be different than the29-37.5 mm. In Experiment 2 we varied the assumed co-
acoustic map. It is not clear whether or how speech patterohlear length used in the calculations of the frequency map
recognition would be able to adapt to the new implantand explored the effects on speech recognition. Subjects had
frequency-place map. The present study does not address theak performance at different values, but performance did
time course of such long-term adaptation, but rather looks atot change significantly over a range of a few mm. Therefore
the instantaneous effects of spectral distortions in the mapae used the typical value of 35 mm for the average cochlear
ping. If Cl users are affected by spectral alterations in dength for all subjects in Experiments 3 and 4.
manner similar to NH subjects, fitting the frequency-place  The behaviorally measured parameter values for elec-
map for an individual implant user would be beneficial. Atrode array location and cochlear length from Experiments 1
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TABLE I. Information about subjects, all users of Med-El Combit4@Reasonable scores for sentence recog-

nition with subjects S5 and S@s shown with asterisksould be obtained with simpler sentenc¢edNT) only,

where the subjects were also allowed to listen to each sentence as many times as needed. Baseline scores were
collected using subject’s clinical map.

Baseline Baseline Overall
Duration of vowel consonant Baseline acoustic
profound score score sentence input
deafness Experience (corrected (corrected score frequency
(yearsg- with ClI for for (IEEE or range of the
Subject Age etiology (years chance chance *HINT) original map
S1 39 30- 25 60.00 55.26 38.22 300-5500 Hz,
high fever 6 or 12
electrodes
later:
200-8500 Hz,
10, 11, or 12
electrodes
S2 62 12- 1 68.18 70.18 92.81 300-5500 Hz,
noise all 12
exposure electrodes
S3 46 26- 2 82.50 86.67 93.94 Map 1 and 2:
unknown 300-5500 Hz
Map 3:
300-7000 Hz
9 electrodes
S4 25 from birth- 5 70.00 85.91 84.52 300-7000 Hz,
unknown 9or12
electrodes
S5 36 from birth- 3 total, 42.73 30.71 17%  300-5500 Hz,
pregnancy 1 year with (HINT) all 12
rubella replacement electrodes
S6 40 from birth- 4.5 44.55 52.63 12'8  300-7000 Hz,
unknown (HINT) Map 1 and 2:
6 electrodes
Map 3:
all 12
electrodes

and 2 were used as baseline estimates for Experiments 3 and Three subject$S1, S2, and S3were postlingually, and
4. From these baseline values, frequency-place compressithree (S4, S5, and S6were prelingually deafened. All sub-
and expansion conditions were produced with a 6-electrodgcts were born into hearing families and therefore have used
processor in Experiment 3, and expansion conditions with @ral communication as their main communication mode, and

12-electrode processor in Experiment 4. some had been provided with speech correction therapies for
long periods of time.
Il. EXPERIMENTAL METHOD The baseline sentence scores given in Table | are for

IEEE sentences, which were too difficult for subjects S5 and
S6. They were retested with simpler HINT sentences and

Six Med-El Combi 40- users(S1-S6, aged 25-62, were allowed to listen to each sentence as many times as
participated in experiments. All were reported to have fullneeded. Even with the simpler materials their open-set scores
electrode insertions at surgery. Detailed information aboutvere too low to fully observe the effects of spectral manipu-
subjects is summarized in Table |. Center frequencies arkations. These subjects participated in Experiment 3 only.
shown in Table Il for the analysis bands assigned to elecbue to time constraints S4 did not participate in Experiments
trodes in the clinical maps of subjects. 1 and 2, and S3 did not participate in Experiment 4.

A. Subjects

TABLE Il. Center frequencies of clinical maps used by the subjects.

Band-pass filter center frequencies for 12 electrdtts

Subject 1 2 3 4 5 6 7 8 9 10 11 12

S1, S2, 338 430 549 701 894 1137 1444 1845 2349 2987 3889 4918
S5

S3 352 487 off 672 930 off 1273 1771 off 2420 3456 4544
S4 358 507 off 722 1017 off 1445 2057 off 2890 4225 6013
S6 390 off 658 off 1114 off 1867 off 3147 off 5319 off
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B. Speech stimuli E. Device parameters

Vowel stimuli (selected from recordings by Hillenbrand For every subject, thresholds and maximum loudness
et al, 1995 consisted of ten presentatiofive male and levels were determined using the standard clinical method to
five female talkers of twelve medial vowels in CVC syl- customize the experimental processor for an individual sub-
lables, including ten monophthongs and two diphthongs, preject. The input dynamic range was automatically adjusted by
sented in a /h/-vowel-/d/contexbeed, hid, head, had, hod, the processor. The TEMP&processor uses the CIS strategy
hawed, hood, who'd, hud, heard, hayed, ho&hance level and the electrodes are stimulated in the monopolar mode.
on this test was 8.33% correct, and the single-tailed 95%
confidence level was 12.48% correct based on a binomi
distribution.

Consonantsselected from recordings by Shannetral,, In Experiments 1-3 we used a set of six electrodes that
1999 consisted of six presentatiorithree male and three had a narrower stimulation range than the default 12 elec-
female talkersof 20 medial consonant¥, tf, d, 3, f, g,3,k,  trodes of the device. A narrower stimulation range was se-
I,m,n,p, 1,5t v,w,j, z) in CVC syllables, presented in lected to facilitate flexibility in manipulating the spectral
an /a/-consonant-/a/ context. Chance performance level farontent of speech over a range of electrode array configura-
this test was 5% correct, and the single-tailed 95% confitions. In the “matched” condition the input acoustic range
dence level was 8.27% correct based on a binomial distribuwas equal to the range of characteristic frequencies of the
tion. array, calculated by Greenwood equation. If an insertion

Two different sets of stimuli were used for sentence rec-depth of 31 mm is assumed, the six middle electrodes of the
ognition tests: IEEE sentencélEEE, 1969 spoken by a implant cover a range of 12 mm, from 12 to 24 mm from the
single male talker and HINT senteno@$ilssonet al., 1994 round window. With the additional assumption of 35 mm for
spoken by multiple talkers. IEEE sentences are phoneticallgn average cochlear length, the normal acoustic frequencies
balanced across lists and the predictability of the words izorresponding to this range would be between 611 Hz and
relatively low. Subjects S1 and S2 were also retested witl3.82 kHz.

HINT sentences. HINT sentences are contextually easier, In Experiment 1, the speech was processed with an
have fewer key words, and are more similar to natural speecanalysis frequency range of 611 Hz—3.82 kHz in each con-
in daily life compared to IEEE sentences. Subjects had nadition. A spectral shift was created by activating a different
heard any of the test sentences prior to the study. Each liset of six electrodes in each condition, located at different
consisted of ten sentences and two lists were presented fdistances from the round window, as shown schematically at
each condition. The presentation order of lists was randomthe top of Fig. 1 and summarized in Table Ill. As a result,
ized across subjects and conditions. from condition 1 to 7 the cochlear location of the array of six
electrodes was shifted basally by 2.4 mm per condition.
Experiment 2 simulated the effects of variation in indi-
C. Procedures vidual cochlear length on the frequency-place mapping, by
L . . changing the assumed cochlear length used in the Green-
Speech stimuli were presented via a loudspeaker in a . .
sound field at 70 dB on an A-weighted scale in a sound-wOOd lequat|on from 31 to 39 mm in 1 mm steps. The set of
treated room. In the vowel and consonant identification tests, ~ m|dQIe elecf[rodes{4—9) ' wh|ch gave the peak .perfor-

; rhance in Experiment 1, were activated in all conditions. The

subjects were asked to choose the phoneme they heard from

. - assumed location of the most apical electrode was fixed at a
a menu displayed on the computer screen. All stimuli were

presented in random order via custom softwéRebert, constant insertion angle-4709, equivalent to 24 mm inser-

1998. In the sentence recognition test, they were asked t(t)|on for a cochlea of 35 mm. As a result, the acoustic fre-

: in prduency corresponding to the apical electrode location was
repeat or type the words they heard in sentences, again pre- : o .
X . . constant for all experimental conditions, since the Green-
sented in random order via custom softwéfeyer Speech wood function scales the frequency-to-place map with co-
Recognition System developed by Qian-Jig.Fthe map in q y-to-p P

. chlear length. As the assumed cochlear length increased the
the experimental processor was changed before every test,

. o . ‘proportion of the cochlea occupied by the electrode array
The conditions of a specific experiment were presented i T )
R ; decreased, resulting in smaller analysis frequency range for
random order to minimize learning effects.

longer cochleae, as shown in the top portion of Fig. 2. The
conditions are summarized in Table IV.

In Experiment 3, frequency-place compression condi-
tions were generated with the same set of six electrodes as
The electrode array of the Combi #40consists of 12 the previous experimerigd—9. The acoustic input range in

electrodes spaced 2.4 mm apart covering a total length ahm was made wider than the stimulation rarigesumed to
26.4 mm in cochlea. The electrodes are numbered 1-12 froiime from 12 to 24 mm from the round windgwat each end by
apex to base. The array is designed for insertions as deep asl mm,+2 mm,+3 mm, and+4 mm. The frequency range
31 mm inside the round window. Stimuli were delivered to of the acoustic input was calculated by converting the range
the implant via a research TEMProcessor, which is in mm with the Greenwood equation. Similarly, for expan-
worn behind-the-eakBTE) and can process acoustic fre- sion conditions the acoustic input range was made narrower
guencies from 200 Hz to 8.5 kHz. than the stimulation range at each end-b¥ mm, —2 mm,

a&. Experimental conditions

D. Med-ElI Combi 40 + implant system
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FIG. 1. Individual percent correct scores of subjects S1, S2, and S3 fronki. 2. Individual percent correct scores of subjects S1, S2, and S3 from
Experiment 1 as a function of the shifted electrode array position. The tofexperiment 2 as a function of assumed cochlear length. The assumed co-
and bottom rows show the vowel and consonant recognition scores, cOgplear length was used in the Greenwood equation to calculate the frequency
rected for chance, respectively. The dashed lines show the scores with thgnge matching the stimulation range. The top and bottom rows show the
processor map that the patient uses in daily life. The experimental maps akgywel and consonant recognition scores, corrected for chance, respectively.
schematically shown above the figure and linked to corresponding condigimilar to Fig. 1 dashed lines show patient’s performance with the processor
tions in the figure with arrows. The open-ended tube represents the cochlggap and the conditions are schematized above the figure. In all conditions
where the open end shows the base and the closed end shows the apex. Bi&:trodes 4—9 were activated with an array length of 12 mm and the most
line in the cochlea shows the assumed position of the electrode array and t'%\‘?)ical electrode was fixed at the same insertion angle of 470°. As a result,
line above the cochlea shows the estimated location of the acoustic inpwyen though the array length and the insertion depth are the same, the

range calculated from Greenwoooﬂggo fU”Ct_iO“- Different sets of elec-  proportion of the cochlear range covered by the array becomes wider or
trodes from 1-6 to 7—-12 were activated while the same center frequencyarrower relative to the cochlear length.

range of 611-3.82 k Hz was assigned to electrodes in every condition.

trodes. Thus, the normal map used in the implant processors

—3 mm, and—4 mm. This mampulat|on.also resulted in may result in frequency-place expansion. Experiment 4 pro-
narrower frequency bands that were assigned to each ele&hced similar expansion conditions to Experiment 3. The

trod_e. The compression and_expansmn condltlon_s are SChgﬁ’]alysis range was made narrower than the stimulation range
matically shown on top of Fig. 3 and more details can b

: - : - —4 - - -7 -
found in Bagent and Shanno(2003, where similar condi- y —3 mm, mm, =5 mm, 6 mm, _fmm, and-8 mm -
) ; : . on each end. The experimental conditions are summarized in
tions were simulated. The corresponding frequencies fOli_
-, . . able VI.

these conditions are given in Table V.

Based on an assumed insertion depth of 31 mm, the
whole array of 12 electrodes lies between 5 and 31 mm fronm|. RESULTS
the round window. The widest range of frequencies that E _ t 1- Shifted electrod
Tempot can process is 200 Hz—8.5 kHz. When this range iéa" xperiment L. Shifted electrode array
translated into cochlear distance with the Greenwood equa- Subjects S1, S2, and S3 participated in Experiment 1.
tion, the corresponding range in mm is narrower than thélhe individual percent correct scores from vowel and conso-
stimulation range of 26.4 mm, the overall length of 12 elec-nant recognition tests as a function of the shift condition are

TABLE Ill. Basal shift conditions for Experiment 1, shown as a function of the most apical electrode number
in the array of six electrodes activated.

Shift condition

(most apical electrode 1 2 3 4 5 6 7
Activated electrodes in 1-6 2-7 3-8 4-9 5-10 6-11 7-12
the electrode array

Center 611— 611— 611— 611— 611— 611— 611—
frequency rangéHz) 3.82k 3.82k 3.82 k 3.82 k 3.82 k 3.82 k 3.82 k
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TABLE IV. Center frequency ranges of the analysis bands in Experiment 2, calculated with Greenwood equation using the assumed cochlear length.
Electrodes 4—9 were activated in all conditions. The most apical electrode of the4rmags at the same insertion ang#709 for all conditions.

Assumed
cochlear
length (mm) 31 32 33 34 35 36 37 38 39

Modified 9.3-21.3 9.9-21.9 10.6-22.6 11.3-23.3 12.0-24.0 12.7-24.7 13.4-25.4 14.1-26.1 14.7-26.7
electrode

array location

(mm)

Center 611-4.77k 611-449k 611-424k 611-4.02k 611-3.82k 611-3.64k 611-348k 611-3.35k 611-3.20 k
frequency

range(Hz)

shown in Fig. 1. The scores are corrected for chance. Vowalsed for all subjects in Experiments 2 and 3.
recognition scores are presented in the top row while the

consonant recognition scores are presented in the bottog Experiment 2: Effect of assumed individual
row. Different symbols show scores from different subjects.cochlear length

The same symbol is used for the same subject in all follow-

ing figures to facilitate comparison of the results across ex- Figure 2 shows vowel and consona_nt recogn ftion SCOres,
. . corrected for chance, for the same subjects as in Experiment
periments. The dashed lines show the performance of su

iacts listening to th amuli with th _1(S1, S2, and S3as a function of varying assumed values
Jects fistening 1o the same stimull with @ map ey Use Wy, - chiear length. The peaks in vowel recognition scores of

daily life. Generally, experimental conditions resulted in S1 and S3 suggest that these subjects might have cochleae
lower performance levels compared to the processor MaRhat are only 33-34 mm long. However, generally there was
This difference may be due to variations in experience agn|y a small effect on vowel recognition over a wide range
well as to the fact that the experimental maps only used Sixf assumed cochlear lengths, and an even smaller effect on
electrodes, and had much narrower stimulation and acoustonsonants. These results show that an inaccuracy in the es-
input ranges. timate for cochlear length does not change the results signifi-

Figure 1 shows that subjects had peak performanceantly. Therefore an assumed length of 35 mm, which has
around conditions 4 and 5, with electrodes 4—-9 and 5-1@ypically been used in Greenwood mapping calculations, was
activated, respectively. Electrodes 4—9 were selected to keelected for use in Experiments 3 and 4.

TABLE V. Frequency-place mismatch conditions of Experiment 3. Six electr@te8, assumed to be located
from 12 to 24 mm from the round windowvere activated. For each condition the table lists the acoustic input
range in cochlear distance, center frequencies of bandpass filters, and the overall frequency range of analysis

bands in Hz.
Overall
frequency

Band-pass filter range
Frequency-place Range of center frequencies of analysis
mismatch acoustic input for six channels bands
condition (mm) (Hz) (Hz)
—4 mm 20-16 1168 1322 1493 1684 1899 2137 1025-2367
(expansion
-3 mm 21-15 998 1200 1443 1735 2075 2475 887-2762
(expansion
-2 mm 22-14 850 1096 1404 1788 2266 2863 752-3196
(expansion
-1 mm 23-13 721 997 1361 1841 2475 3309 611-3847
(expansion
0 mm 24-12 611 906 1320 1896 2700 3820 493-4522
(matching
+1 mm 25-11 509 821 1279 1953 2945 4407 394-5467
(compression
+2 mm 26-10 423 743 1239 2011 3212 5082 314-6305
(compression
+3 mm 27-9 348 670 1200 2070 3502 5855 247-7482
(compressiohn
+4 mm 28-8 281 604 1162 2131 3816 6744 207-8082

(compressiohn
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TABLE VI. Frequency-place mismatch conditions of Experiment 4. All 12 t t +— + +—— + t
electrodeq1-12, assumed to be located from 5 to 31 mm from the round
window) were activated. For each condition the table lists the acoustic input
range in cochlear distance, center frequencies of bandpass filters, and the.

overall frequency range of analysis bands in Hz.

100 +

vowels [ consonants [ sentences

80 + + +

Band-pass filter
Frequency-place Range of acoustic center frequency frequency range

Overall

Percent Correct (Corrected for Chance)

mismatch input range of analysis bands

condition (mm) (Hz) (Hz) T

-8 mm 23.2-12.8 699-3407 645-3647

(expansion T

-7 mm 24.2-11.8 590-3933 535-4264

(expansion 1

—6 mm 25.2-10.8 495-4538 440-4981 4 ——t + +
(expansion 0 4 -4 0 4

=5 mm 26.2-9.8 412-5231 358-5815 Expansion/Compression Condition (mm)

(expansion

—4 mm 27.2-8.8 340—6028 287_6784 FIG. 4. Average percent correct scores of all subjects, shown with thick
(expansio lines, superimposed on the individual scores from Fig. 3, shown with open
—3mm 28.2-78 278-6943 227-7911 symbols. In sentence recognition scores, the upper thick line shows the
(expansioi average scores of S1 and S2 with HINT sentences, and the lower thick line

shows the average scores of subjects S1, S2, S3, and S4 with IEEE sen-

C. Experiment 3: Frequency-place compression and
expansion with six electrodes

tences.

who were both prelingually deaf, were very low, almost at

Figure 3 shows the individual percent correct scores othe level of a single-channel processor performance for con-
all subjects as a function of compression and expansion witsonants. Percent correct scores for sentences are shown in the
six middle electrode$4—9. Vowel and consonant recogni- bottom row. S1 and S2 were tested with IEEE sentences
tion scores, corrected for chance, are plotted in the top antpen symbolsas well as HINT sentencdslled symbols.
middle rows, respectively. S1 was tested twice with vowelsEven with simpler sentence$lINT) S5 and S6 could not

and consonants. Both curves are presented (séi@vn with
open circles in the left top and left middle panels dem-

achieve significant sentence recognition.
The average scores from all subje¢thick lineg are

onstrate the test—retest reliability. The scores of S5 and S@resented in Fig. 4 superimposed on the individual scores

-
f=3
S

r tions electrodes 4—9 were activated

= F(Hz)
| l =" El(mm)
v v
-4 0 4 4 0 4 4 0 4 -4 0 4 4 0 4 -4 0 4
100 t - t U t trt t - t trt t M 100 FIG. 3. Individual percent correct
vowels 81 S2 S3 sS4 s5 6 scores of all subjects from Experiment
80 T T T~ i T T T 80 3 as a function of compression and ex-
od 17T/~ 1 | T A 1l 1 1 & pansion in frequency-place mapping.
The top and middle rows show the
40 mhﬁv\’\, + KT+ ooe + 40 vowel and consonant recognition
o’o\jg\oo;&o scores, corrected for chance, respec-
20T T T i T T T tively, and the bottom row shows the
0+, , 4, . 1. , . , S , EX , 4o sentence recognition scores. S1 was
8100+ ) ' T ' 1T i e i i "+ 100 tested twice with vowels and conso-
§ consonants - St 2l ____ ot R ot s S8 nants to show the test reliability. S1
5 o7 T T [ i T T and S2 were tested with both IEEE
§ 60 4+ 1 f""j\"'“v”xfm L 1 1 &0 (open symbols and HINT sentences
8 o_@f%gg M —————— (filled symbolg. Similar to Fig. 1
S 0T T T - r T T 40 dashed lines show patient’s perfor-
g 204 1 1 | Mm 20 mance with the processor map and the
5 experimental maps are schematically
5; 0+, X ) . 1, . T+, . . T+ 0 shown above the figure. In all condi-
@

S3

with an array length of 12 mm while
the frequency range assigned to the
F electrodes was made narrower or
wider than the stimulation range of the
electrode array.

4 -4 0 4

PN N

4 0

Expansion/Compression Condition (mm)
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TABLE VII. F and p values calculated with one-way repeated-measurescompression; a Tukey test showed that scores fretnmm
ANOVA for expansion anq compression conditions of Experlment 3. Due toexpansion toF3 mm compression were not significantly dif-
the small number of subjects HINT sentences were not included. . .

ferent. The performance dropped significantly with further

Expansion F p Compression  F p mismatch. HINT sentences display a sharper peak around the
Vowels, 13.65 <0.001 Vowels 1341 <0001 0 mm matched co_ndmon W|th a Iarger drop compared to
n=6 h=6 IEEE sentences with increasing mismatch. The number of
F(4,20) F(4,20) subjects who listened to HINT sentendéso) was not suf-
Consonants 15.89 <0.001 Consonants  5.11 <0.01 ficient to run a statistical test.

n=6 n=6

F(4.,20) F(4,20) 1. Similarity of the experimental map to implant

IEEE sentences 10.63 <0.001 |IEEE se4ntences 7.61 <0.01 processor map

n= n=

F(4,12) F(4,12) One key question in the study is whether each subject’s
“reference map” was determined by the normal acoustic
tonotopic map or the map implemented in the clinical speech
(symbols connected with thin lingsThe left and middle Processor. Postlingually deafened patients had extensive ex-
panels show the average scores from vowel and consonaR€rience with normal acoustic mapping prior to deafness,
recognition tests, respectively. The lower thick line in thewhereas prelingually deafened patients had little to no expe-
right panel shows the average score from subjects S1, S2, S@ence with the normal acoustic map, so their reference map
and S4 with IEEE sentences, and the upper thick line show&ight be determined by the implant map of the everyday
the average score from subjects S1 and S2 with HINT senProcessor. Baent (2003, Fig. 4.2p showed that the reduc-
tences. tion of speech recognition under conditions of compression
A one-way repeated-measures ANOVA showed tha@nd expansion could be modeled by the sum of squared dif-
there was a significant effect of compression and expansiof¢rences in band center frequencies between the acoustic and
on performance for all stimulisee Table VI for correspond- experimental maps. This result was observed in implant
ing F andp values. In general, performance was best for the Simulations with normal-hearing listeners, and might also ap-
matched conditiolO mm) and poorer for both frequency- Ply to implant users, especially if postlingually deafened.
place expansion and compression. For vowels, a post hoc 10 assess the potential influence of the normal acoustic
Tukey test revealed that3 mm, —2 mm, and—1 mm ex- tonotopic map and the implant processor map on the results
pansion scores were not significantly different than the 0 mn®f Experimen 3 a similarity metric was calculated:
condition (where input frequency theoretically matched the

stimulation rangg In simulations, frequency-place expan- similarity factor= arrorrme’ )
sion produced a larger effect on vowel recognition than com- -

pressionBagkent and Shannon, 20)3vhereas with implant  with errorrms defined as

users a larger performance drop was observed with compres- erTor rms= 10\/2&1 IOgiO(fc_exp(i)/fc(i TN, )

sion than with expansion. As in the simulations, the effects of
both expansion and compression were smaller on consavhereN=number of electrodes ,,=center frequencies of
nants, which are generally more robust to spectral distortionthe experimental map, anfl,=center frequencies of the
compared to vowel§Shannonet al, 1998; Frieseretal,  comparison mafi.e., either the normal acoustic map or the
200)). A Tukey test showed no significant difference in re-implant processor mapThe similarity factor quantifies the
sults from —2 mm expansion tot3 mm compression with similarity between two maps by comparing center frequen-
consonants, which is a much wider range than observed faiies of the analysis bands between experimental processors
vowels. Similar to simulations, consonant recognition scoresnd either the normal tonotopic map or the implant processor
of Cl subjects dropped significantly only with high degreesmap. The value of the index ranges from one to an
of compression(+4 mm) and expansio—3 mm). With  asymptotic zero: When the maps that are compared are iden-
IEEE sentences, the best performance was obtained aroundifal the index is unity and as the maps differ the index
mm matching condition with a tolerance of a few mm of decreases. The values of similarity factors for the experimen-

TABLE VIII. Similarity of experimental conditions to normal acoustic m@mm, tonotopically matched mapnd implant processor magshown in Table
Il for each subjeot

Compression/ normal

expansion exp exp exp exp map comp comp comp comp

conditions —4 mm -3 mm —2 mm —1 mm (0 mm) +1 mm +2 mm +3 mm +4 mm

Similarity to normal 0.66 0.73 0.81 0.90 1.00 0.90 0.80 0.72 0.64

acoustic map

Similarity to S1, S2, 0.75 0.79 0.81 0.79 0.75 0.69 0.63 0.57 0.51

implant S5

processor

map S3 0.70 0.75 0.78 0.78 0.75 0.69 0.64 0.57 0.51
S4 0.75 0.82 0.86 0.86 0.81 0.74 0.66 0.59 0.52
S6 0.78 0.86 0.94 0.93 0.85 0.77 0.69 0.63 0.57
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vowels S1 82 83 S4 S5 S6
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FIG. 5. Vowel recognition percent
scores from Experiment 3, reproduced
60+ ———0——_4 1 i i 1 1 from Fig. 3. The solid line shows the

______ performance predicted from the simi-
40T T T T T o2 o T T larity of the experimental map to pa-
| ] W tient's implant processor map while

27 T T T . the dotted line shows the prediction
o4 i 1 i i 1 . 4 from the similarity of the experimental
! ! map to the normal acoustic map.

—— —— ——
4 0 4 4 0 4 4 0 4 4 0

Percent Correct (Corrected for Chance)

g
~ 4
=3
~ 4
L4
o
~

Expansion/Compression Condition (mm)

tal maps are given in Table VIII when compared to normalformance around-3 mm expansion resulted in performance
acoustic and implant processor maps. similar to that of the clinical processor. It is not clear, how-
Figure 5 duplicates vowel recognition scores from Fig. 3ever, if higher performance levels could be achieved with a
with two similarity indices added. The similarity index func- better matched condition because device limitations did not
tion for the implant processor magdotted ling was scaled to  allow such mapping.
fit the data at the lowest and highest values. The similarity =~ Figure 7 shows a comparison of the similarity metric
function for the acoustic tonotopic majhick solid ling was  functions to the individual vowel recognition scores of the
scaled to fit the lowest point and the value at O fimatch-  subjects with 12-channel procesgopen symbols As a ref-
ing map. Figure 5 shows that the vowel recognition resultserence, vowel recognition scores with the six-channel pro-
of the postlingually deafened subjects S1, S2, and S3 wereessor are also includdfilled symbolg. Similar to Fig. 5,
similar to the pattern predicted by the similarity to the nor-the prediction referenced to the similarity to the normal
mal acoustic map. The pattern of performance of the prelinacoustic map is shown by the thick solid line and the predic-
gually deafened subjects S4, S5, and S6 was similar to thaion by the similarity to the subjects’ processor map is shown
predicted by the similarity to their implant processor map.by the dotted line. The dashed lines show subject perfor-
Postlingually deaf subjects’ speech recognition appears to bmance with the everyday processor map. The dotted lines
sensitive to the spectral mismatch relative to the normaimply that the —4 mm and -5 mm expansion conditions
acoustic map, similar to NH listeners. Prelingually deafenedvith 12 electrodes are most similar to the mapping used in
subjects, however, might not have had sufficient acoustic insubjects’ implant processors, except that the analysis bands
put during the critical period that normally establishes theof the experimental maps were partitioned in equal cochlear
acoustic tonotopic map, and so their performance appears tlistances instead of logarithmic steps. Similar to Experiment
be determined more by similarity to the processor map. 3, the performance by S1 and S2, who were postlingually
deafened, followed the prediction based on similarity to the

D. Experiment 4: Expansion with all 12 electrodes

Experiments 1-3 used six electrodes covering 12 mm in - . F(H2)
the cochlea. The subjects’ experience with their implant, == == g (mm)
which was as long as 5 years, was with the full stimulation . . V V
range of the default 12-electrode arré6.4 mm). To con- 100 T vowels --'Cons(;nants' 1 senténces' 1

firm that similar effects occur with the entire array, we re- g
. oy . c

peated the expansion conditions using all 12 electrodes of the¢g

. 5 80 T +
device. 5

S1, S2, and S4 participated in this experiment. Figure 6%
shows individual(small open symbo)sand average scores
(thick line) with the 12-electrode processor expansion condi-
tions combined with average scores of the same subjectsg 40 A
with six-electrode processor from Experimend®tted ling.

The 12-electrode processor has better spectral resolu% 20 + 1
tion, covers a much wider stimulation range and acousticg
input range, and employs additional apical electrodes, com-&
pared to the six-electrode processor. For example, for the ' . ' — ' . — . ' '
same—3 mm expansion condition, the 12-electrode proces- 4 4 0 48 4 0 4-8 4 0 4
sor has a stimulation range of 26.4 mm and an analysis rangc Expansion/Compression Condition (mm)
O_f 20.4 mm, while the six-electrode Processor has a StImUIaI:IG. 6. Percent correct scores of subjects S1, S2, and S4 from Experiment
tion range of 12 mm and an analysis range of 6 mm. As &. The open symbols show the individual scores for 12-electrode expansion
result scores were higher with the 12-electrode processaenditions. The superimposed thick lines are the average scores of subjects
compared to the six-electrode processor for the same expalfiil 12 electrodes. The dotted lines are the average scores of the same

. " .. . subjects from expansion and compression conditions with six middle elec-

sion conditions. Yet, similar to the S|x-.ele(':trode ProcessOrirodes, taken from Experiment 3. The expansion conditions are schemati-
performance decreased as the expansion increased. The peity shown above the figure.

60 A

(Correcte

orre
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100 P—H—F—ip——+—p—+—+—+ same model fit the data from prelingually deafened subjects
vowels S1 S2 S4 based on the similarity of the experimental map to the map in
their individual processor. In Experiment 4, where the expan-

sion conditions were applied with all 12 electrodes, the per-

©

o
1
T
1
T
I
T
1
T

601 1  formance by the postlingually deafened subjects was again

40 4 + closer to the prediction by the similarity of the experimental
condition to the normal acoustic map.

20 IR T T T The changes in performance observed in the present

o+, K 4 study are acute effects observed immediately after the sub-

4 4 0 4-8 -4 0 4-8 -4 0

Percent Correct (Corrected for Chance)

ject was given a new map, without any time to adapt to the
new processor. It is not clear how much implant patients
FIG. 7. Individual vowel recognition percent scores with 12-electrode pro-youyld be able to adapt to such Compressed or expanded
cessor from Experiment 4, shown by open symbols, and scores with six- ti Th It f thi tud h that th
electrode processor from Experiment 3, shown by filled symbols. The solid‘napS over time. e resufis o IS stu _y S ow tha e
line shows the performance predicted from the similarity of the experimen-choice of the frequency-place map has a significant effect on
tal map to patient’s implant processor map while the dotted line shows th%peech perception and Choosing a better fitting map might
prediction from the similarity of the experimental map to the normal acous-. . . .
tic map. The dashed lines show the performance of subjects with the impladpSt_antly |r_1c_r§ase t_he performanc_e of an implant patient. If a
processor map. patient is initially given the best-fit map, any further adapta-
tion could then start from this high performance level.
normal acoustic map. Prelingually deafened subject S4 alseomplementary to the findings of the present study with
showed a pattern similar to that predicted by the normafully inserted arrays, B&ent and Shanno2004 showed
acoustic map, although the two predicted patterns were ndhat it is particularly important to fit patients with partial

sufficiently different to make a clear distinction, given the insertions, who generally do not perform as well as patients

variability in the data in this case. with full insertions, with an optimum map. Although studies
have shown improved performance with experience over the
IV. DISCUSSION AND CONCLUSIONS first few months of implant us€Tyler et al,, 1997; Fuet al,,

Speech recognition in cochlear implant listeners was sig2002; and Fu and Galvin, 20D8 has not been demonstrated
nificantly affected by alterations in the frequency-to- that such learning has a differential effect for different pro-
electrode mapping. Previous work in both acoustic simulac€ssor parameters. It seems likely that experience will in-
tions and in implant listeners had shown that speecl¢rease performance for any processor setting, so it may be
recognition decreases with spectral distortions in the mapimportant to start with the setting that produces the best
ping, including apical-basal shiftFu and Shannon, 1999; speech recognition to optimize long-term as well as short
Dorman et al, 1997, nonlinear warping(Shannonet al,  term outcomes.

1998, or compression—expansiaBagkent and Shannon, One potential difficulty in such experiments with co-
2003. The present study expands the general pattern afhlear implants is the uncertainty inherent in several key pa-
frequency-place mismatch results to include frequency-placeameters such as cochlear length, electrode array insertion
compression and expansion in cochlear implant listenersiepth, and its lateral distance from modiolus, and the best
The results have theoretical value as they quantify howrequencies of the nerves actually stimulated by each elec-
speech pattern recognition is affected by alterations in thgode. The experiments in the present study demonstrated
cochlear representation of speech. In addition, the presegst even though the physical values of these key parameters
results have practical value, as.they.show the inherentgnnot be known with certainty, optimal values for a
trac_leoffs between elec_trode array insertion depth, nl_,lmber ‘}Fequency-to-electrode map can be functionally estimated
active electrodes, and input frequency range, to provide basiG, ing with approximate initial values. Phoneme recogni-
guidelines for optimal fitting of implant patients. tion in Experiments 1—4 was always a simple function of the

The '”f'p'a”t subjects @splay_ed a ;lmllar pattern Of.r.e_underlying manipulation, showing peak performance at a
sults despite the large variation in their speech recogmt'or(]:ertain arameter value and a drop in performance as the
skills. Consistent with the acoustic simulations by, Batt P pinp

and Shannor(2003 best speech recognition was obtainedvalue of that parameter was increased or decreased. Vowels
with frequency-place maps with the least spectral distortion2"d Sentences were the speech materials most sensitive to the
Both compression and expansion reduced recognition, espBlanipulations. Given the simplicity of these functions, a
cially with vowels, which are more sensitive to spectral ma-Clinical procedure could be developed to rapidly converge on
nipulations. Yet, there was a significant difference betweert® optimal set of parameters controlling the frequency-to-
NH and implant subjects in their exposure to frequency_electrode mapping for an individual patlent.'A subset of vow-
place maps, and the implant results showed two distinct paglS could be selected that are most sensitive to frequency-
terns that might be determined by the individual subject'splace distortion. A simple optimizing algorithm could be
reference map. A simple model of frequency-place distortiorfleveloped to converge on the frequency-place mapping that
fit the data from NH subjectéBagkent, 2003 and postlin- maximizes vowel recognition for that reduced set in each
gually deafened subjects by weighting frequency-place misindividual patient, without the costs and risks of x rays and
match relative to the normal acoustic tonotopic map. TheCT scans.
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